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Abstract. Accurate estimates of suspended sediment yieldsan analysis of the sub-daily variability of sediment fluxes
depend on effective monitoring strategies. In mountainousn mountainous catchments. Characterising this variability
environments undergoing intense seasonal precipitation, thenay offer useful insights for improving the effectiveness of
implementation of such monitoring programs relies primar- community-based monitoring strategies in rural areas of de-
ily on a rigorous study of the temporal variability of fine veloping countries. In regions where historical records based
sediment transport. This investigation focuses on seasonaln discrete sampling are available, it may also help assessing
and short-term variability in suspended sediment flux in athe quality of past flux estimates. Finally, the study confirms
subhumid region of the Mexican Volcanic Belt. Intensive the global necessity of acquiring more high frequency data in
monitoring was conducted during one year in four contrast-small mountainous catchments, especially in poorly gauged
ing catchments (3 to 630 ki Analyses revealed significant areas.

temporal variability in suspended sediment export over vari-
ous time scales, with between 63 and 97% of the annual load
exported in as little as 2% of the time. Statistical techniquesl
were used to evaluate the sampling frequency required to get
reliable estimates of annual sediment yield at the four sitesy;ontainous subcatchments are known to produce high
A bi-daily sampling scheme would be required at the out- 3mquns of fine sediment, because of their steep and incised
let of the 630 km catchment, whereas in the three smaller morphology (Dietrich and Dunne, 1978; Walling and Webb,
catchments (3-12 k_ﬁ)" accurate estimates would inevitably 1996 Sjdle et al., 2000). It is therefore essential to provide
require hourly monitoring. At the larger catchment scale, 5ccyrate sediment flux estimates within these areas, in order

analysis of the sub-daily variability of fine sediment fluxes quantify soil loss and eventually to implement appropriate
showed that the frequency of sampling could be lowered bYjgnq conservation practices.

up to 100% (i.e. from bi-daily to daily) if a specific and reg-  pe Boer et al. (2003) recently affirmed that “[. . .] in many

ular sampling time in the day was considered. In contrasty, s of the world, erosion rates and sediment yields are not,
conducting a similar sampling strategy at the three smaller,, only poorly, monitored. This problem is particularly evi-

catchments could lead to serious misinterpretation (i.e. URyent in developing countries, where this information is most
to 1000% error). Our findings emphasise the importance Ohrgently required [...]". To offset the data scarcity affecting

developing countries, a number of prediction methods have
been applied to ungauged basins (e.g. Morehead et al., 2003).
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relations between suspended sediment concentration (SSGSC has been routinely sampled for a number of decades,
and discharge @) (Horowitz, 2008). In these situations, quantifying short term variability in suspended sediment flux
direct measurements are the only manner to estimate annuabn be useful for assessing the consistency of these extended
exports of fine sediment (Walling et al., 2003). time series. Overall, there is a crucial need to promote man-
In Mexico, the effort has historically been focused on lakesagement strategies based on a close interaction between local
and larger basins, and still very few mountainous catchmentgroups, management agencies and the scientific institutions
are instrumented, despite erosion and water quality probleméSavan et al., 2003).
(Alcocer and Bernal-Brooks, 2010). Natural resources in the Near-continuous monitoring of streamflow and suspended
rural areas of the country are commonly managed by organsediment fluxes was conducted in contrasting mountainous
ised local communities (Vakquez et al., 2003; Bocco et catchments (3—630 kfn of the Mexican Highlands. In this
al., 2005). The interest of local stakeholders and citizengpaper we aim to provide answers to the following questions:
in water-related issues is undeniable, as recently outlined1) how significant is the seasonal variability in streamflow
by Ortiz-Avila (2009) in the Michoa@n state. This inquiry and suspended sediment, and are there sub-daily fluctua-
showed that water contamination and drinking water weretions in the sediment transport regime of the studied streams?
among the main environmental priorities of local communi- (2) Is the effect of sampling frequency quantifiable, and is it
ties. A few planning initiatives for water quality monitoring site- or catchment size-dependent? (3) Can we deduce rele-
are currently being developed in the country (Aranda et al. vant community-based monitoring strategies for such moun-
2008; Pae et al., 2008), but nationwide, water resource is-tainous catchments?
sues are still under-appreciated in the management plans of
rural settlements. In the United States and Canada, collab-
orative and community-based approaches to managing wa2 Methods
ter resources have become increasingly more prevalent in the
last decade (e.g. Whitelaw et al., 2003; Deutsch and Orpre2.1  Study site
cio, 2005; Sharpe and Conrad, 2006; Fernandez-Gimenez et
al., 2008). Such approaches could be usefully implemented he Cointzio basin is located in the southern part of the Mex-
in Mexico, given that the involvement of local volunteers in ican Central Plateau, within the Transverse Volcanic Belt
river monitoring could allow gathering of data in ungauged (Fig. 1). The region undergoes a temperate subhumid cli-
catchments in a cost-efficient way. Suspended sediment yielghate characterised by two contrasting seasons: the dry sea-
(SSY) measurements should systematically be included irson from November to May and the wet season between June
these participatory surveys. SSY data are indeed of locagnd October. Mean annual rainfall reaches 770 mm in More-
interest in rural areas for the identification of a range of in-lia. Nearly 80% of the precipitation occurs during the five
catchment processes, i.e. soil loss rates from cultivated landnonths of the rainy season (CamtAllende et al., 2009).
useful life of reservoirs, monitoring of sediment-associatedRainfall is characterised by a high sub-daily variability, with
contaminants, etc. localised convective storms generally promoting intense pre-
A lot of work has been done worldwide on SSY esti- Cipitation over a few krfin the late afternoon through early
mates and seasonal and daily variability in sediment ex-ight.
port for mesoscale and larger river basins (e.g. Ongley et The Cointzio basin drains an area of 630%kwmith al-
al., 1977; Walling and Webb, 1981; Milliman and Syvitski, titudes from 3440 m at the highest point to 1990m at the
1992; Meybeck et al., 2003). Errors and bias in SSY es-outlet. The main watercourse is tiRo Grande de More-
timates associated with sampling frequency have also beeha river, which reaches the man-made reservoir of Cointzio
extensively characterised for 3t 1¢° km? basins (de Vries (4 kn?, 65Mn®) at the outlet of the catchment. The geol-
and Klavers, 1994; Phillips et al., 1999; Horowitz, 2003; ogy mainly consists of basalt and andesitic rocks. Soils are
Coynel et al., 2004; Moatar et al., 2006). However, very finely textured; Andisols are prominent in upland parts of the
few studies have addressed the question of sub-daily varibasin, Acrisols on the hillslopes and Luvisols in the lowlands
ability within smaller catchments (Mano et al., 2009). Mey- (FAO, 2006).
beck et al. (2003) only pointed out that SSC variability within ~ Sediment concentrations were measured at the outlet of
catchments under 10 Knihad to be established at fine time- the Cointzio catchment (Undameo station; 63¢krand
scales such as a few hours. But the consequences of at three subcatchments. The three upland areas are char-
inadequate sampling design, including the choice of an in-acterised by contrasting landforms, morphologies and soil
appropriate sampling time during the day, have, to datetypes. The subcatchment of La Cortina (9%nis under-
been rarely debated by the scientific community (Mano etlain by Andisols, and has an undulating landscape (mean
al., 2009; Moatar et al., 2009). A better characterisation ofslope 12%) mainly covered by forests. The Huertitas sub-
the sub-daily variability of sediment fluxes in mountainous catchment (3krfy mean slope 18%) relies exclusively on
catchments is therefore required to improve the efficiency ofAcrisols mostly covered by rangeland, and it displays a
present-day river monitoring. Additionally, in areas where severely gullied landscape with sparse vegetation on 6%
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Fig. 1. Location of the Cointzio basin and its four monitored stations (Huertitas, Potrerillos, La Cortina and Undameo).

of its area. Finally, the rolling subcatchment of Potreril- flow conditions. This manual sampling was conducted by
los (12 kn?; mean slope 15%) consists of Acrisols and An- local families on a daily basis at approx. 07:00 p.m. Calibra-
disols covered by cropland and rangeland; incised channel§on of the turbidimeter proved to remain steady during the
and gullies affect 1% of the subcatchment area (more deentire period. We therefore used the same relationship be-
tails can be found in Duvert et al., 2010). High frequency tween SSC and turbidityR? = 0.84) throughout the year for
water discharge data were acquired from January 2008 tthe calculation of SSC series éWery et al., 2010).

January 2010 in Undameo and in Potrerillos, and from Jan- Annual SS¥es (Mgy~1) was obtained from the continu-
uary 2009 to January 2010 in the two other subcatchmentspus time series and was used as reference value in this study.
i.e. La Cortina and Huertitas. Suspended sediment measurdtwas calculated using the following formula:

ments were made from January 2009 to January 2010 at all n

stations. Suspended sediment fluxes could therefore be estisqy = /SSth with SSF=SSC 0-10°2 1)
mated throughout 2009 at the four sites. e

i=1
2.2 Field sampling and flux estimates where SSF is the instantaneous suspended sediment flux
(Mgs™1), SSC is the instantaneous suspended sediment con-
2.2.1 Atthe outlet centration (gt1) (10-min frequency interpolated to 5-min),
Q is the instantaneous discharge’@n’) (5-min frequency),
Monitoring at the gauging station of Undameo started ingngj is the number of 5-min intervals included in a year. It
1939 by the Comigin Nacional del Agua (CONAGUA). At should be noted that SSY estimates cumulate uncertainties

the hydraulic section. A stage-discharge rating curve wa0os; Navratil et al., 2011).

also established and regularly adjusted. Daily measurements
of both water level and SSC were manually conducted by2.2.2 At the three subcatchments
the CONAGUA from 1939 to 2002. For this research, water
level was measured at a 5-min time-step with a Thalimede/Vater level was surveyed at a 5-min time-step with the same
OTT water level gauge. Water discharge time series weravater level gauge as at the catchment's outlet. For each
then determined via the CONAGUA rating curve. station, a rating curve was developed using stage readings
Turbidity was automatically measured every 10 min with and discharge measurements generated from NacCl tracer di-
a WTW Visolid 700-1Q nephelometric sensor using infrared lution gauging measurements. Discharge time series were
backscattering. Various authors (e.g. Gippel, 1995; Lewisdetermined from continuous water level records and the rat-
1996) showed that continuous time-series of SSC can be efng curve. Suspended sediment concentration time series
ficiently derived from continuous turbidity series if the cali- were calculated using stage-triggered Teledyne ISCO 3700
bration is frequently adjusted. Indeed, a number of parameautomatic water samplers containing 24 bottles of 1 litre
ters govern the disparities between SSC and turbidity, such agach. Sampling regime during most of the stormflow events
variation in sediment size or colour. 314 samples were col‘€ached a 5-min frequency. Further details about the method-
lected all throughout 2009, covering both storms and base0logy can be found in Duvert et al. (2010).
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Collected samples were filtered in the laboratory of CIGA- for S8, and 12 for S9. Annual SSY obtained from the con-
UNAM in Morelia. The preweighed filters (pore diameter, tinuous monitoring were then used as the reference values
0.7 um) were dried for 2 h at 10& and weighed again with against which the accuracy of the simulated scenarios was
a high precision balance. In case of very high SSC (aboutissessed through relative error calculations.
>1.5g1), a known volume of sample was dried for 24h at  The sub-daily variability of SSY was also analysed. The
60°C and the residue was weighed. In this paper, all SSC288 values recorded each day were therefore separated into
measurements refer to total suspended sediment (i.e. con24 groups in order to account for the hour of sampling in
prising mineral and organic fractions). the simulations. S5 scenario (i.e. daily sampling frequency)

In the three subcatchments, annual &$Were calculated was run 24 times considering every sampling time from
following Eq. (1) by using a 5-min interpolation of SSC 00:00a.m. to 11:00 p.m. These 24 scenarios are referred to in
data obtained from the monitoring. We assumed that susthe text as S§ S5, ..., S5, S53. For each of the S5ce-
pended sediment flux measured at the three subcatchment@rios, 13 simulations were considered, corresponding to a
through automatic sampling could be assimilated to a highl h data interval centred on the assessed sampling time. The
frequency survey. A large majority of the storms was indeedresulting errors on annual yield estimates were then calcu-
sampled continuously throughout the season (i.e. 5-min fretated for every Sbscenario and are discussed in Sect. 3.5.
quency), and the less-sampled baseflow fluxes did not rep-
resent a significant part of overall fluxes. Based on regular
manual sampling conducted during recession phases, bas8- Results and discussion
flow contributed 18 Mg km? out of 900 Mg knT2 (i.e. 2%
of total flux) in Huertitas, 4 Mg km? out of 600 Mg km2 3.1 Streamflow dynamics
(i.e. under 1% of total flux) in Potrerillos, and 1 Mg krh
out of 30 Mg knt 2 (i.e. 3% of total flux) in La Cortina. On average, 29 storm events were recorded at each monitor-

Various metrics were also calculated at each station tdng station throughout 2009. We therefore hypothesised that
assess the seasonal dynamics of suspended sediment trai¥ese sampled events were statistically representative of the
port. Mso, corresponds to the percentage of annual SSygeneral sediment transport behaviour prevailing in the four
discharged in 2% of time (i.e. approx. 7 days)sgsrefers  studied streams. Furthermore, when compared to long term
to the percentage of time needed to carry 50% of the annudlecords available at the outlet of the 630%basin, it appears

SSY (Meybeck et al., 2003). that 2009 was an average year considering precipitation: to-
tal rainfall depth measured in Cointzio during 2009 reached
2.3 Sub-sampling simulations 805 mm, while the historical database presents a mean of

770mm y1 with values in the range 400-1100 mmly
Following the methodology previously reported by Phillips (Gratiot etal., 2010). Mean discharge, however, only reached
et al. (1999), Coynel et al. (2004), Moatar et al. (2006), andy 3351 in 2009, which was one of the lowest values in
Mano (2008), we intended to assess the effect of infrequenfygre than 60 years. Mean discharge between 1940 and 2002
sampling on the accuracy of annual yield estimates. Variougyas 2 2 3L,
sampling frequencies were therefore simulated by extracting e primary factor in controlling river flow variability was
instantane_ous SSCvalues and th_eir cor.responding discharggse meteorological seasonality affecting the region. This pat-
from the high frequency data. Simulations were conducteqe, js well exemplified in Fig. 2, which shows the discharge
using the following sampling designs: monthly (S1), fort- rocords acquired between January 2008 and December 2009
nightly (S2), weekly (S3), every 3 days (S4), daily (S5), i hoth Undameo (Fig. 2a) and Potrerillos (Fig. 2b), as well
every 12h (S6), every 6h (S7), every 3h (S8) and hourlyag the discharge records acquired throughout 2009 in both

($9) frequencies. Subsequent_simulated suspended se_dimq_rg Cortina (Fig. 2c) and Huertitas (Fig. 2d). The succes-
yields were calculated according to “Method 15" describedgjgn of wet and dry periods is visually obvious. This well-

by Phillips et al. (1999): defined cycle was observed in all the studied areas. Still, it
ns was more pronounced in the three upland catchments, mainly

SSYsim=K Z(Ci Qi) (2)  because of the lower baseflow in upstream areas than in low-
i=1 land plains during the dry season.

whereC; and Q; are respectively the instantaneous SSC and The three subcatchments exhibited very responsive be-
discharge values at the time of samplimg,is the number  haviours during floods (Fig. 2b, c, d), with nearly instanta-
of samples taken in a yeangranges between 12 for S1 and neous rising phases followed by rather short recession limbs
8760 for S9) andK is a conversion factor depending on the (Duvert et al., 2010). Flood durations at the outlet of the
sampling frequency. 630 kn? catchment (Fig. 2a) were significantly longer (av-
For each scenario, all possible simulations were per-erage of 9h) than within upland areas (average of 1h in
formed, i.e. 8640 combinations for scenario S1, 4320 for S2 Huertitas to 3 h in Potrerillos). In 2009, annual specific in-
2016 for S3, 864 for S4, 288 for S5, 144 for S6, 72 for S7, 36stantaneous peak discharges ranged as follows: 0.13Thm h

Hydrol. Earth Syst. Sci., 15, 703-713, 2011 www.hydrol-earth-syst-sci.net/15/703/2011/
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Table 1. Temporal variability of suspended sediment for each

20 .
station.

Undameo

Area  Msy,  Tssoy Ts50%
(km?) (%)t (%)2 (time-equivalent)

Undameo 630 63 1.2 4 days 10h

Potrerillos 12 97 0.1 11h

. . ‘ ‘ \ La Cortina 9 93 4102 4h
JgnOB Apr08 JuI‘OS 00‘108 Jar‘109 Apr09 JuI‘OQ OC‘KOQ Jan10 HuertltaS 3 96 3< 1072 2 h

(8)

Potrerillos
61 b 1 Msyq, is the percentage of annual SS flux discharged in 2% of time.
2 Tsg00 is the percentage of time needed to carry 50% of the annual SS flux.

anst (m3_s‘1)

N
T

] 30 Mg km~2in La Cortina (Duvert et al., 2010). At the outlet
l L h ‘” of the Cointzio catchment (Undameo station), SSY was es-
008 ApiOB Jul0B  OcioB Jan09  Apro8  Ju09  Oc03  Janid timated at 45 Mg km?. According to the classification pro-
© o) . posed by Meybeck et al. (2003), annual SSY were “medium”
8 La cortina 8 Huertitas in Undameo and La Cortina and “very high” in Potrerillos
and Huertitas. Catchment characteristics such as land cover,
4 steepness and degree of land degradation were the prevail-
4 ing factors explaining the differences in SSY (Duvert et al.,
2 2010; Evrard et al., 2010).
l | \[ { Given the strong seasonality observed in the streamflow
Lo e e ocos 2ws Aes Jubs om0 Janto records, we aimed to check whether the sediment transport
regime was characterised by a comparable variability. Some
Fig. 2. Discharge records at the four sitda.andb) correspond to ~ tyPical metrics were therefore calculated, and the duration
data collected from January 2008 to December 2009 in Undame&urves of annual suspended sediment flux were produced for
and Potrerillos, respectivelyc andd) correspond to data collected each site (these curves were obtained by displaying the per-
from January 2009 to December 2009 in La Cortina and Huertitascent of suspended sediment flux versus the percent of time).
respectively. According to Fig. 3 and Table 1, half of the annual load
(Tss00) Was carried in less than 0.1% to 1.2% of time, and
in 7 days (Msy,) the rivers exported between 63 and 97% of
in Undameo, 2.5mmtt in Potrerillos, 2.9mmh® in La  annual flux. The highest variability was observed in Huerti-
Cortina and 10.8 mmtt in Huertitas. Annual mean spe- tas and the lowest in Undameo.
cific dischargez* was also calculated for the four stations, Meybeck et al. (2003) calculated the Mg of several
with values ranging from 4 10~*mmh~? in Potrerillos,  small basins (64-500 kfn from their global database, and
7x107*mmh ! in Undameo, to 2% 10-*mmhtinLa  they found values reaching 50 to 90%. Mano et al. (2009)
Cortina and 3% 10~3mmh~t in Huertitas. These values observed Msy, values ranging from 38 to 84% in four small
outline the heterogeneity in the hydrological response of eachio medium-sized catchments of the French Alps. Therefore,
of the catchments. our results are comparable with those previous studies. Ac-
Significant discrepancies were evident in the streamflowcording to the Tgyo, and My, indicators, the sediment flux
regimes of the four monitored catchments. Annual instan-duration patterns ranged from “very short” in Undameo to
taneous peak discharge was inversely related to catchmefigxtremely short” in Potrerillos, La Cortina and Huertitas
sizes, most likely because smaller areas statistically receivéTable 1). This outlines the predominant contribution of a
higher amounts of rainfall given the spatial restriction of rain- few large events in the annual SSY of these highly responsive
storms (Milliman and Syvitski, 1992). Overall, the four sites basins, as already reported by several authors worldwide (e.g.
were exposed to a very high seasonal and daily variability inSyvitski and Morehead, 1999; Meybeck et al., 2003; Mano et
precipitation and streamflow, which proved to be even moreal., 2009). Overall, SS flux was very variable and catchment

(=)

Qmst (m3_5‘1)

accentuated in smaller catchments. size proved to be the main driver of this variability. Indeed,
Msq, mostly decreased and 5gg, increased with increasing
3.2 Seasonal and daily dynamics of SSY catchment size.

Annual SSY reached 900 Mgk in Huertitas (low es-
timate), 600 Mgkm? in Potrerillos (low estimate) and
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accounted for. To a lesser extent, the minimum sampling

1
% frequencies proposed in Fig. 4b also have to be considered
S 80 as potentially risky, as these values did not account for the
?35 largest errors. In contrast, the results shown in Fig. 4a rep-
o 60f resent “worst case” scenarios, and basing a sampling design
e on those results can be thought of as a more secure, though
§ 40+ more time constraining, approach.
§ Whatever the error considered (i.e. maximum, quartile or
o 207 median), the minimum monitoring frequency required to get
S50 ‘ reliable sediment yield estimates was found to be highly
0(,)001 0.01 0.1 1 10 100 catchment size-dependent (Fig. 4). This can be explained by
Cumulative time (%) the high temporal variability of discharge and SSC, because

of the shorter and flashier nature of streamflow in the upland
Fig. 3. Suspended sediment flux duration curves at the four sta-subcatchments as compared to the larger Cointzio catchment.
tions. Grey lines correspond to the range of thexddand Tggy A similar pattern has been observed by Horowitz (2008) for
parameters. catchments of contrasting sizesX1.0° to 5x 10*km?) in

North America. On the whole, reliable SSY estimates in

) ) small mountainous catchments appeared to require very high
3.3 Influence of sampling frequency on SSY estimates  sampling frequencies.

The results obtained from the nine sub-sampling simulations . o
(S1 to S9) are presented in Fig. 4. Figure 4a outlines the>-4 Sub-daily variability in SSY
maximum errors obtained among all simulations on annual
yield estimates for each scenario (vertical axis) and for eacHiven the particular characteristics of rainfall in the region
catchment (horizontal axis). If we consider that a devia-(i-e. precipitation activity generally peaking in late afternoon
tion between simulated and reference yield estimates fallingo early night), the potentially resulting sub-daily variability
within the £20% range is acceptable in terms of reliability in SSY was assessed. We therefore analysed the distribu-
(e.g. Navratil et al., 2011), the minimum sampling frequen- tion of suspended sediment exports all throughout the day
cies would be a bi-daily sampling strategy (i.e. S6 scenariojand on an hourly basis. The distribution of events during
for Undameo, whereas for the three subcatchments an hourlthe day was also determined by counting all peak flow oc-
sampling (i.e. S9 scenario) would be needed (Fig. 4a). Ercurrences included in each 1-h time interval. The results
ror due to sampling design was much more significant in theare detailed in Fig. 5. In Undameo (Fig. 5a), fluxes were
three subcatchments than in the whole basin; again, this is evdistributed irregularly during the day, with higher loads dis-
idence of scale effects. For instance, if considering a bi-dailycharged during the night and lower loads during the day. The
sampling (i.e. S6 scenario), maximum errors on annual yieldoeak in export occurred around midnight (ca. 30% of the total
estimate could reach 17% in Undameo, 240% in Potrerillosyield exported in 5h). At the three subcatchments (Fig. 5b,
420% in La Cortina and up to 540% in Huertitas. ¢, d), the temporal variability in sediment export was much
Figure 4b shows the relative errors between the upper omore significant. Conditions with high SS fluxes prevailed
lower quartile of each simulation and the reference fluxesduring the late afternoon. In Potrerillos (Fig. 5b), almost
(the selected quartile value was the one of the two fallingall the SSY (i.e.>85%) occurred between 05:00 p.m. and
furthest from the median). At every site, the errors on flux 03:00a.m. In La Cortina (Fig. 5c), over 90% of sediment
estimates decreased significantly with increasing samplingvas exported between 05:00 p.m. and midnight. In Huerti-
frequencies. Based on the analysis of Fig. 4b, the adaptetds (Fig. 5d), the bulk of sediment (i.e.60%) reached the
sampling frequency could be lowered to 3h in La Cortina outlet between 03:00 p.m. and 07:00 p.m. The distribution of
and Potrerillos. peak flow events during the day followed the same pattern
Figure 4c presents the distribution of errors between theds sediment loads at all stations; this confirms that the trends
median values of each simulation and the reference fluxes. Alescribed by the daily cycle of total yields are not biased by
systematic negative bias was observed in the median value® few single events.
of S1to S4 scenarios in Undameo and in the median values of Overall, sub-daily variability in SSY proved to be very
S1to S7 scenarios in the three upland catchments. This biasignificant. Again, this variability was closely related with
was related to the temporal non-linearity of sediment fluxes,catchment size. Our results show that the fluctuations in SSY
as illustrated in Fig. 3. were much larger in upstream catchments than in the entire
Despite corresponding to the most probable scenarios, thbasin. We therefore hypothesise that such temporal variabil-
information provided in Fig. 4c has to be regarded as an opity may have critical consequences on the manual sampling
timistic picture, given that the distribution of errors was not strategies to be implemented.
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Max error Q75 Qps error Median error
100
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Fig. 5. Distribution of daily SSY in 2009 at the four stations. Black line plots correspond to the number of peak flow events per hour.

3.5 Benefits of an adapted sampling time timation of ca. 50%, whereas daily sampling in the afternoon
would provide an underestimation of ca50%. In contrast,
Errors in SSY estimates associated with a change in da")pther time intervals would generate rather accurate yield es-
sampling time were assessed by simulating 85553 sce- timates: the window ranging from early morning to midday
narios. The results are presented in Fig. 6. At all sites, samMaintained the error within th&20% range. This finding is
pling time had a significant effect on flux estimate uncertain-Of high importance in the perspective of implementing man-
ties. In Undameo (Fig. 6a), annual SSY was clearly underUal sampling strategies, as it could allow lowering the sam-
estimated or overestimated depending on the timing selected/ing frequency by 100% (i.e. shifting from S6 to an adapted
For instance, daily sampling at night would lead to an overes-S5). Furthermore, the daily sampling conducted by local
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staff throughout 2009 around 07:00 p.m. led to a “real” SSY quency is not adapted. According to the classic randomly-
estimate of 56 Mg km?. It corresponds to a positive bias of based study of sampling frequency, a bi-daily sampling
25% in comparison to the reference flux. This result is inwould be required at the outlet of the Cointzio basin (Un-
agreement with the slight overestimation that was provideddameo, 630 krf). However, this frequency could be lowered
by S5g9 scenario on yield estimates, as outlined in Fig. 6a. to a daily survey if a specific and regular sampling time win-
At the three subcatchments (Fig. 6b, ¢, d), the influence ofdow in the day (i.e. from early morning to midday) is consid-
SSC sub-daily variability was even more obvious, as pre-ered, as outlined in Sect. 3.5.
viously expected by the analysis of Fig. 5. In La Cortina In the three smaller catchments, the achievement of reli-
(Fig. 6c¢), daily sampling in the early morning to mid- able SSY estimates proved to require very high sampling fre-
afternoon would give a moderate to strong underestimatiorguencies, i.e. hourly monitoring. We also showed that if con-
of SSYet (Minimum —100%). Then, from late afternoon to sidering a daily survey, even the use of a specific sampling
early night a high positive bias would be observed (maximumtime would lead to strong biases on annual SSY estimates
+700%) with remarkable differences between lower and up<Fig. 6). This is particularly true if the time selected is con-
per quartiles. The return to “baseflow” was evidenced in thecomitant with the period when high flows are most likely to
statistical series from early night. The behaviour observed inoccur. For instance, daily sampling in the afternoon in Huer-
Huertitas (Fig. 6d) and Potrerillos (Fig. 6b) was similar to the titas could lead to a positive bias of up to 1200%. This can
one described in La Cortina, with the periods of flux overes-be explained by the very short nature of events in these small
timation slightly differing from one area to another: in Huer- areas (1 to 3h). Whatever the method considered (linear,
titas the “flooding” period occurred during the afternoon and nearest-neighbour, etc.), the interpolation of an instantaneous
in Potrerillos it was significantly more extended (i.e. from measurement taken during a flood to a daily flux inevitably
mid-afternoon to night). At the three sites, the choice of leads to a substantial SSY overestimation. Trying to estimate
a sampling time during those periods would systematicallyannual yield by collecting samples during floods would thus
provide very high uncertainties and imprecision of the esti-be a counterproductive approach.
mates. In turn, this could lead to seriously biased interpreta- Our study provides a warning about the potential biases
tions of sediment transport within these small catchments. on annual flux estimates from a limited numbers of samples
(even daily samples) in 1-10 necatchments dominated by
3.6 Towards an optimised community-based convective rainfall. It therefore appears difficult to imple-
monitoring strategy ment any community-based monitoring at such small scales.
Nonetheless, rising stage samplers might be considered as
We showed for the studied catchments that a high probabila potential substitute for suspended sediment monitoring.
ity of systematic underestimation exists if the sampling fre- They have been used in recent literature (e.g. Kostaschuk et
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Sampling interval in Fig. 7). As already outlined, little data is available for
A (hours) 1-100kn? catchments, but still, high frequency measure-
1000 © B 102008 . ments appeared inevitable for these catchments. In contrast,
Monthly o° et 200 values in the 100-1000 Khrange lie at the limit between
Fortnightly *\,\vj’\x SURIIET Y automatic and manual strategies (we considered that manual
ol & MODERATE sampling could be conducted from a bi-daily frequency for
Every 3 days i the most intense scenario). Sampling frequencies might be
Daily 2. . " INTENSE Iovyered yvith?n those (;atchments by accounting for the sub-
o |Bi-daily " ; ; ZO i > . daily vqr|ab|l|ty qf sgdment fluxgg, as demonstrated by our
Every 6h ) Ea AUTOMATIC results in the Cointzio basin (shifting from a grey to a white
Every 3h o "3 circle in Fig. 7). All those 100-1000 khivalues might there-
Jhouny oo 69,0‘) fore be substantially raised, as outlined in the figure (black
B mc P PPV prvv > arrows). In turn, this could allow reconsidering the potential
Catchment . . . . .
size (k) of manual sampling strategies in various areas. Therefore, in

small to medium-sized catchments dominated by convective
Fig. 7. Minimum sampling frequency requirements for the achieve- rainfall the effort has to be concentrated on the assessment of
ment of reliable SSY estimates. The white area indicates condi-sediment sub-daily variability in order to check if less intense
tions allowing high-quality estimates (i.e. maximum errors within sampling strategies could be implemented.
+20%), the light-grey area corresponds to conditions leading to po-  To further strengthen our results, similar surveys should be
tentially risky estimates (i.e. 25 and 75 quartiles witii#0%), and  conducted over a larger number of years and in other upland
the dark-grey area refers to conditions that can induce doubtful calatchments of the world undergoing different precipitation

culations. Circles correspond to data from this study, squares Correl’egimes Our approach would then benefit from more reliable

spond to data from Coynel et al. (2004), and triangles to data frOmtrends covering a wide range of hydrological situations that

Mano (2008). The rounded dashed grey line in the centre of the fig- Id not be sk db . loaicall
ure refers to an elevation of the boundary between secure and riskyyou not be skewed by any major event or meteorologically

estimates, which is likely to occur if the sub-daily cycle of sediment EXtreme year.
fluxes is considered. The shift from a grey to a white circle is an

illustration of our results in Undameo (i.e. lowering of the sampling

frequency from bi-daily to daily). 4 Conclusions

Small mountainous catchments face serious human and soci-
al., 2003; Francke et al., 2008), and could be implementedetal issues, especially in the rural areas of developing coun-
in small mountainous catchments where automated instrutries, where natural resources are under increasing human
mentation is not feasible for monetary constraints. Yet, thispressure. In this study, we intended to provide a better un-
sampling alternative requires further testing and validation. derstanding of suspended sediment dynamics and variabil-

We further enlarged the scope of our results by providingity within these areas. We studied the sediment flux records
comparison with previous research on the topic. Our aim wa®f four mountainous catchments (3 to 630%nocated in
to determine whether general trends were detectable in tha rural region of central Mexico where rainfall is predomi-
minimum sampling frequencies required for SSY estimatesnantly from convective storms occurring in the late afternoon
of rivers draining mountainous areas. In the medium term through early night. The objective was to propose adapted
this approach should lead to the proposal of useful decisionstrategies for the implementation of local river monitoring
making tools to the local stakeholders, for the implementa-initiatives.
tion of river monitoring procedures in ungauged catchments. All catchments exhibited a high temporal variability in

Two important determinants of the accuracy and preci-terms of both streamflow and sediment transport regime.
sion of SSY estimates are sampling frequency and catchmenifhis variability was observed at various time-scales: (i) river
scale (Phillips et al., 1999). Figure 7 hence summarises thlow and suspended sediment flux were characterised by a
required sampling designs according to the catchment aregronounced seasonal cycle, and (ii) short-term dynamics (i.e.
for catchments dominated by convective rainfall. Values dis-daily and sub-daily) were also very variable, with half of the
played in Fig. 7 correspond to data from this study as wellannual SSY carried between 2h and 4 days. Overall, the
as data from Coynel et al. (2004), obtained in the Frenchextent of temporal variations in sediment flux proved to be
Pyrenees (Garonne river basin), and from Mano (2008), obhighly catchment size-dependent; smaller catchments having
tained in various catchments in the French Alps. The threea higher variability in sediment response and a higher reac-
classes previously formulated as part of Fig. 4 (i.e. securetivity to storms than larger catchments.
potentially risky and hazardous estimates) were used again The effect of sampling frequency on flux estimates was
here. All data followed a common positive trend betweenassessed. We showed that increasing the time interval be-
sampling interval and catchment size (dashed black curvéween sampling was feasible by accounting for the sub-daily
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